Background 25-Hydroxyvitamin D (25OHD) deficiency is common in children with chronic kidney disease (CKD). It has been associated with an increased risk for anemia in both healthy US children and in adults with CKD. This association has not been explored in children with CKD. Methods Children aged 1-16 enrolled in the Chronic Kidney Disease in Children (CKiD) study with mild to moderate kidney dysfunction, and with 25OHD measured at baseline (n = 580), were included in the analysis. The cross-sectional associations between 25OHD and hemoglobin (g/dL) and anemia were assessed. Anemia was defined as hemoglobin < 5th percentile for age and sex. Results Overall 334 (57.59%) children were vitamin D insufficient/deficient and 137 (23.62%) were anemic. Of those who were vitamin D insufficient/deficient, 95 (28.44%) were anemic. In the overall cohort, the odds of being anemic was 1.9 times higher (95% CI, 1.22-3.04, p < 0.01) in vitamin D insufficient/deficient vs sufficient children, when adjusting for covariates (age, sex, race [black, white, or other], body mass index (BMI), iohexol GFR (iGFR), erythropoietin stimulation agent (ESA) use, iron supplementation use, and underlying cause of CKD). Stratified by race, the odds of being anemic was 2.39 times higher (95% CI, 1.41-4.05, p = 0.001) in vitamin D insufficient/deficient vs vitamin D sufficient white children. The association between vitamin D status and anemia was not significant in black children. Conclusions The data support our hypothesis that vitamin D insufficiency/deficiency increases the odds of anemia in children with CKD. The effect was strong and significant among white, but not black, children.
Introduction
Deficiency of 25-hydroxyvitamin D (25OHD) is highly prevalent in US children and adolescents, seen in up to 70% of those < 21 years [1, 2] . Despite the increased recognition and treatment of vitamin D deficiency in clinical practice, it continues to be prevalent in children with chronic kidney disease (CKD) as well [1, 3, 4] . 25OHD plays a crucial role in bone and mineral metabolism and is increasingly recognized to also have effects on immune function, cell proliferation and differentiation, and cardiovascular function [5, 6] . A growing body of evidence suggests that 25OHD deficiency is also associated with an increased risk for anemia [7] [8] [9] [10] . In adults with CKD, lower 25OHD levels have been independently associated with lower hemoglobin levels and anemia [11] [12] [13] . Vitamin D supplementation has also been associated with decreased erythropoiesis-stimulating agent (ESA) dose required to maintain hemoglobin, suggesting that vitamin D plays a role in erythropoiesis [13, 14] . A large, populationbased cohort study in healthy US children demonstrated that lower 25OHD levels were associated with an increased risk for anemia, independently of other anemia risk factors including obesity, inflammation, socioeconomic status, and nutritional deficiencies including B12, folate, and iron [15] . The 25OHD level at which the risk for anemia increased was noted to be lower in black compared to white children. The association between 25OHD and hemoglobin has not been explored in children with CKD.
The objectives for this study were to examine the association between 25OHD status and anemia in children with CKD enrolled in the Chronic Kidney Disease in Children (CKiD) cohort study and to examine whether the association was modified by race. The public health implications of an association between 25OHD and hemoglobin in children with CKD, if confirmed, are compelling given the prevalence of anemia, its known adverse health consequences, and the fact that 25OHD deficiency can be easily and safely corrected with supplementation in this population.
Methods

Setting and participants
The CKiD study is a multicenter observational prospective cohort study of children ages 1 to 16 years with mild to moderate CKD recruited from 54 pediatric nephrology centers in North America. Inclusion criteria included an estimated glomerular filtration rate (eGFR) between 30 and 90 mL/min/ 1.73 m 2 determined by the original Schwartz equation [16] . The CKiD study design and conduct were approved by an external advisory committee appointed by the National Institutes of Health and the Institutional Review Boards at each participating center. Details of the study design and objectives have been previously published [17] . For the current analysis, we included subjects enrolled in cohort 1 of the CKiD study from April 2005 to October 2007 (n = 586). The 580 subjects with 25OHD levels available were included in the analysis. We evaluated hemoglobin and 25OHD values that were obtained at a study visit that occurred approximately 6 months after enrollment (baseline).
Laboratory assays
Blood samples were collected using standardized techniques. Hemoglobin was measured locally at clinical sites as part of a complete blood count. Proficiency testing surveys published by the College of American Pathologists demonstrate coefficients of variation of 1-2% for the various instruments performing hemoglobin measurement [18] . The serum concentrations of 25OHD were measured by chemiluminescence immunoassay (DiaSorin LIAISON 25OHD TOTAL Assay); inter-and intra-assay coefficients of variation were 11.2 and 8.1%, respectively [19, 20] . GFR at the baseline visit was obtained by direct measurement of plasma iohexol disappearance (GE Healthcare, Amersham Division, Princeton, NJ, USA) [21] . In subjects without iohexol GFR (iGFR) results available, GFR was estimated using the bedside CKiD equation [22] . Intact parathyroid hormone (PTH), serum ferritin, serum iron, and total iron-binding capacity (TIBC) assays were performed in the CKiD central laboratory (University of Rochester, Rochester, NY).
Clinical variables
Demographic data including age and sex were collected from questionnaires administered during the baseline visit. Race and ethnicity were self-reported. Anemia was defined as hemoglobin less than the 5th%ile for age and sex based on data from the National Health and Nutrition Examination Survey (NHANES) [23] . Vitamin D status was categorized as either sufficient (25OHD level ≥ 30 ng/mL) or insufficient/deficient (25OHD level < 30 ng/mL). Body mass index (BMI) was calculated from height and weight at the baseline visit. Self-reported medication history was obtained from medication summary data files, using medication lists from the baseline visit. Treatment with ESAs, iron supplements, or angiotensin converting enzyme (ACE) inhibitors was categorized as Yes/No. Underlying cause of CKD was classified as glomerular (including focal segmental glomerulosclerosis, hemolytic uremic syndrome, and other glomerulonephritides) or non-glomerular (including congenital urologic disease, cystic diseases, and reflux nephropathy and other diagnoses) disease. Transferrin saturation (TSAT) was calculated as follows: serum iron/TIBC × 100.
Statistical analyses
All statistical analyses were performed with Stata statistical software, version 14.0 (StataCorp, College Station, Texas). The statistical significance level was set at α = 0.05. Linear regression was used to examine the association between 25OHD concentration (as the independent variable) and hemoglobin (as the dependent variable), and logistic regression was used to examine the association of 25OHD status with anemia (as the dependent variable) adjusting for age, sex, race (black, white, or other), BMI, iGFR, ESA use, iron supplement use, and underlying cause of CKD. The analyses were also stratified by race to assess for effect modification of the relationship between vitamin D status and anemia.
Results
Five-hundred eighty children were included in the cross-sectional analysis. The baseline demographic and Using linear regression adjusted for age, sex, race, BMI, iGFR, ESA use, iron supplementation use, and underlying cause of CKD, we found that each 1-ng/mL increase in 25OHD level was associated with a 0.01-g/dL increase in hemoglobin (p < 0.01). The association between 25OHD status and anemia is presented in Table 2 . Using fully adjusted logistic regression, 25OHD insufficient/deficient subjects were 1.9 times as likely to be anemic compared to subjects with sufficient levels in the overall cohort (odds ratio (OR) 1.93, 95%CI 1.22-3.04, p < 0.01). When stratified by race, white subjects with 25OHD insufficiency/deficiency were more than twice as likely to be anemic (OR 2.39, 95% CI 1.41-4.04, p = 0.001) compared to those with sufficient levels. Although the magnitude of the observed increase in odds of anemia was similar, the association between 25OHD status and anemia did not reach statistical significance in black subjects (OR 2.2, 95% CI 0.23-21.56, p = 0.49). Given that the distribution of 25OHD levels was notably lower in black compared to white subjects, we also performed a racestratified analysis using a lower 25OHD threshold of 20 ng/ mL to define insufficiency/deficiency, but found no association between levels less than 20 ng/mL and risk for anemia in either white or black subjects.
In order to control for a potential contribution of iron deficiency to the observed association between 25OHD deficiency and anemia risk, we conducted a sensitivity analysis in 285 subjects with ferritin and TSAT data available. After additional adjustment for ferritin and TSAT, the odds of anemia remained significantly increased in 25OHD insufficient/ deficient vs sufficient children (OR = 2.25, 95%CI 1.07-4.76, p = 0.03.) Additionally, in a subset of 169 subjects in whom data on sunlight exposure (hours of physical activity in the sun per week) were added to the model, the odds of clinical characteristics of the cohort by 25OHD status are presented in Table 1 . Children with 25OHD insufficiency/ deficiency were significantly older than those with 25OHD sufficiency [median (IQR) age 13 (9, 15) vs 9 (6, 13)] years, p < 0.001). There was no difference in sex distribution by 25OHD status. 25OHD insufficient/deficient subjects were also more likely to be black, to have glomerular disease as underlying cause of CKD, to have higher BMI, to have higher PTH, and to be anemic compared to those with sufficient levels. There was no difference in median hemoglobin between 25OHD groups; however, Fig. 1 illustrates mean 25OHD level by both anemia status and race, demonstrating that the trend for lower mean 25OHD level in anemic subjects was observed across racial groups, although the difference did not reach statistical significance in black subjects. Figure 2 shows correlations between hemoglobin and 25OHD levels by age. There was a significant correlation between hemoglobin and 25OHD levels for the age groups of 6-8 years (r = 0.25, p = 0.02) and 9-11 years (r = 0.31, p < 0.001).
anemia was increased (OR 2.64, 95% CI 0.98-7.14) but not statistically significant (p > 0.05) among 25OHD insufficient/ deficient subjects.
Discussion
The present study demonstrates that children with CKD who were 25OHD insufficient/deficient were twice as likely to be anemic as children with sufficient vitamin D levels. This association was independent of other anemia risk factors including race, BMI, GFR, and use of medications to treat anemia. Mean hemoglobin was also noted to be higher in 25OHD sufficient compared to insufficient/deficient subjects. Notably, median hemoglobin did not differ significantly by 25OHD group in unadjusted analysis, highlighting the importance of using age-and sex-specific hemoglobin thresholds to define anemia. In addition, in sub-analyses adjusted for markers of iron status and sunlight exposure, the risk of anemia remained significantly increased in 25OHD insufficient/deficient subjects. The magnitude of the greater anemia odds for subjects with 25(OHD) levels < 30 ng/mL is consistent with the results of a previous analysis in more than 10,000 healthy US children using the same threshold for 25OHD insufficiency/deficiency (OR for anemia 1.93 (95% CI 1.21-3.08), despite a significantly smaller sample size in the present analysis [15] . This suggests that the mechanism by which the association between 25OHD and anemia is mediated in healthy children applies in children with CKD and that the association between 25OHD and anemia may in fact be stronger given our ability to detect a significant association in fewer than 600 children.
In the race-stratified analysis, white subjects with 25OHD insufficiency/deficiency demonstrated a significantly higher odds of anemia compared to those with 25OHD sufficiency. However, among black subjects, although the point estimate for the odds ratio suggested a higher odds of anemia in 25OHD insufficient black subjects, the association did not BMI body mass index, iGFR iohexol glomerular filtration rate, ESA erythropoiesis-stimulating agent, CKD chronic kidney disease Fig. 1 Mean 25OHD by race and anemia status reach statistical significance. Significance was likely limited by the small number of black subjects in the cohort (15% overall) and the observation that most of the black children (79 of 88) were 25OHD insufficient with 25OHD levels < 30 ng/mL; thus, the sample size was too small to detect the association between levels above 30 ng/mL and presence of anemia in black children specifically.
We selected 30 ng/mL as the threshold for 25OHD sufficiency based on recommendations made by both the Endocrine Society and the 2008 Kidney Disease outcomes Quality Initiative (KDOQI) clinical practice guidelines [24, 25] . However, we acknowledge the lack of consensus in the research community regarding the definition of 25OHD insufficiency, due in part to the substantial variability among available vitamin D assays and a lack of standardization of research data [24] . The Institute of Medicine for example defines 25OHD levels of > 20 ng/mL as being sufficient [24] . Therefore, we performed an additional regression analysis using a threshold of 20 ng/mL to define 25OHD insufficiency, but there was no significant association between odds of anemia and 25OHD levels below vs. above a threshold of 20 ng/ mL. We did find a significant linear association between 25OHD and hemoglobin in the cohort overall. serum 25OHD levels and, within 24 h, was associated with a 34% decrease in circulating hepcidin levels [26] .
In support of the proposed mechanisms above, observational studies in adults with CKD have demonstrated that treating 25OHD deficiency improves anemia management and decreased ESA-resistance. In a cohort of anemic and vitamin D deficient adults with non-dialysis CKD treated with ESAs, correction of vitamin D deficiency with supplementation to raise 25OHD levels to greater than 30 ng/mL was associated with an average 24% decrease in the ESA dose required to maintain hemoglobin levels between 11 and 12 g/dL [27] . In studies of adults on chronic hemodialysis, correction of 25OHD deficiency has also been associated with decreased ESA dose requirements to maintain hemoglobin [7, 28] . However, to date, there have been no large-scale trials of vitamin D supplementation as an adjunctive therapy for anemia in children with CKD.
The public health implications of an association between 25OHD and hemoglobin in children with CKD, if confirmed by future analyses of other CKD cohorts, are compelling. Anemia is highly prevalent in children with CKD and is associated with adverse clinical consequences including increased risk for hospitalization and mortality, increased risk for left ventricular hypertrophy, and decreased quality of life [29] [30] [31] [32] . Vitamin D deficiency can be corrected relatively safely, effectively, and inexpensively in children with CKD. It is possible that vitamin D supplementation could be an attractive, adjunctive therapy for anemia beyond the use of ESA and iron supplements.
Our study's strengths include data from a large cohort of children with pre-dialysis CKD from multiple centers across North America with standardized data collection. In addition, GFR was directly measured in the majority of the cohort, and the estimating equation used in the remaining subjects has been shown to be accurate [21] . Our study has several limitations, including a limited sample size of black subjects and the fact that data for iron store markers and sunlight exposure was not available for all subjects.
In conclusion, we find that 25OHD insufficiency/deficiency is associated with a significantly higher odds of anemia in children with CKD. Further studies are needed to clarify the mechanism of this association so that vitamin D supplementation can be potentially utilized as an adjunctive anemia therapy. Several possible mechanisms might explain the association of 25OHD deficiency with anemia. Vitamin D and its metabolites are present in many tissues, as are receptors for calcitriol, the active form of vitamin D. Calcitriol production (for regulation of bone-mineral metabolism) takes place via the action of the 1-α-hydroxylase enzyme in renal tissue. However, there are multiple extra-renal sites from which locally produced calcitriol regulates host-cell DNA and controls the extra-skeletal actions of vitamin D [5, 8] . Experimental data suggest that inadequate levels of 25OHD leading to decreased local calcitriol production in the bone marrow may limit erythropoiesis; calcitriol has a direct proliferative effect on erythroid burst forming units, which is synergistic with endogenously produced erythropoietin, and also upregulates expression of the erythropoietin receptor on erythroid progenitor cells [7] [8] [9] [10] . Locally produced calcitriol also plays a key role in the regulation of immune function by inhibiting the expression of pro-inflammatory cytokines by a variety of immune cells, thus providing negative feedback to prevent excessive inflammation. 5 The immunomodulatory effects of vitamin D may be central to its role in preventing anemia via modulation of systemic cytokine production, which may in turn suppress specific inflammatory pathways which contribute to the development of anemia, particularly in the context of CKD. Additionally, the iron-regulatory protein hepcidin is upregulated in the setting of inflammation and mediates iron-restricted erythropoiesis; hepcidin may be downregulated by the immunomodulatory effects of vitamin D. A pilot study in 2014 by Bacchetta et al. found that supplementation with a single dose of vitamin D (100,000 IU vitamin D) increased
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